We apply density functional theory concept to investigate mechanical properties of the diamondlike compound BC 5 . The cell volume and the bulk modulus are in very good agreement with the experiment, confirming the claimed crystal structure of BC 5 . The cleavage properties revealed a very strong cohesion between B-C bonded planes, which is comparable to C-C bonded planes. The lowest cleavage stress, which can be related to hardness, is 83 GPa. The critical shear stresses are 83 and 108 GPa, respectively, for B-C and C-C planes. This difference of critical stresses corresponds well to the difference in Vickers hardness between BC 5 and diamond. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3159627͔
The search for superhard materials is technologically motivated by a need for robust and chemically stable materials, e.g., cutting tools and wear resistant coatings. Diamond is the hardest material known and, although it has found a wide variety of applications, there are limitations to its technological applicability. 1 Diamond is nonresistant to oxidation and reactive with ferrous metals, which prohibits the application of diamond tools to steels. Search for more stable diamondlike phases has very recently succeeded in synthesizing a superhard B-C phase, namely, cubic BC 5 . 2 Since all B-C compounds reveal improved stability with respect to ferrous metals over similar carbon-based materials, 3 the diamondlike BC 5 promises to be chemically more stable than pure diamond. Moreover, a very recent density functional theory ͑DFT͒ study has predicted that BC 5 is metallic and superconducting with a critical temperature of 45 K, comparable to the critical temperature of MgB 2 . 4 Thus, BC 5 may provide a unique combination of properties. It has been produced only in nanocrystalline form so far, and therefore only very sparse information about its mechanical properties is available.
Therefore, the aim of this letter is to study the ideal mechanical properties of BC 5 on a fully ab initio basis. Shape, volume, and atomic coordinates of the proposed cubic structure were optimized, which was the starting point for calculating the bulk and shear moduli. We found an excellent agreement between the calculated and experimental bulk modulus, which confirms that the calculated structure is identical to the experimentally claimed one. Furthermore, we calculated the brittle cleavage properties of BC 5 , also considering various terminations of cleavage planes in the preferred ͓111͔ direction. Utilizing the ␥-surface concept, 5, 6 which links shear energies to dislocation properties at the atomic level, we evaluated the resistance to shear deformation and dislocation nucleation. The difference in the critical shear stress of B-C and C-C planes corresponds very well to the difference in Vickers hardness between BC 5 and diamond, indicating that hardness of BC 5 is somewhat lower due to the eased slip of B-C bonded planes.
The DFT calculations were performed by applying the VASP ͑Ref. 7͒ within the projector augment wave method and the generalized gradient approximation according to the parameterization of Perdew and Wang. 8, 9 Convergency of the total energies with respect to basis size and number of k points for the Brillouin zone integration was carefully checked. For the actual DFT calculations modeling the cleavage interfaces, we constructed unit cells with 12 atomic layers, which ensures suitable accuracy.
The crystal structure of BC 5 is related to a cubic supercell with a volume per atom of 6.00 Å 3 . Following a recent theoretical study, 4 we constructed a supercell with six atoms stacked in the ͓111͔ direction of a diamondlike lattice, and replaced one of the C atoms by B ͑see Fig. 1͒ . Optimizing volume, shape, and atomic positions, we derived lattice parameters of a = 2.55 and c = 6.39 Å corresponding to volume per atom of 6.02 Å 3 , which is in excellent agreement with the experimental value. 2 The experimental data also suggest that B is randomly distributed. However, the disordered arrangement of B atoms does not influence the following results significantly.
From the calculated total energy as a function of volume ͑and by always relaxing the atomic positions for each volume͒ a bulk modulus B of 337 GPa and its pressure derivative BЈ = 7.24 were derived. Our calculated data are in very a͒ Electronic mail: petr.lazar@iap.tuwein.ac.at. good agreement to the experimental values of B = 335 GPa and BЈ = 4.5 at 300 K, as determined by using a laser heated diamond anvil cell.
2 Therefore, we believe that the crystal structure as optimized by our ab initio approach is the same as that claimed for the synthesized nanocrystalline BC 5 sample. The value of the bulk modulus is exceptionally high, exceeding most of other hard materials, and even approaching the value of B = 367 GPa for cubic BN. Nevertheless, diamond is even more incompressible having a very high modulus of B = 442 GPa. 10 This difference between BC 5 and diamond indicates that B-C bonding is less strong than C-C bonding.
For BC 5 , we compare the strengths of B-C and C-C bondings directly by cleaving between different atomic layers. The brittle cleavage process is modeled by a repeated slab construction as described in detail in Refs. 11 and 12. A material is cleaved between two planes by a rigid opening x, thereby not allowing for relaxations of atomic positions. The decohesive energy E b can be expressed by the so-called universal binding energy relation, 13 which contains two direction dependent parameters, the cleavage energy G b and the critical length l b at which the stress b ͑x͒ = dE b / dx reaches its maximum-the critical stress c = G b / el b .
Because of the B-C-C-C-C-C stacking of pure atomic layers in ͓111͔ direction, there are two basically different terminations by cleavage planes. Furthermore, the diamondlike lattice of BC 5 allows for two distinct cleavages, namely, ͑i͒ between widely spaced atomic planes with a layer distance equal to the nearest neighbor distance, and ͑ii͒ between closely spaced planes, which are separated by only one third of the nearest neighbor distance.
The results for all nonequivalent terminations are summarized in Table I . Obviously, cleavage of closely spaced planes is prohibited by very large critical stresses and cleavage energies, in particular for planes connected by C-C bonding. The large cleavage energy occurs because three covalent bonds per pair of atoms have to be broken while cleaving closely spaced planes, whereas only one bond needs breaking for widely spaced planes. According to our results, there is only a very small difference between the B-C and C-C bondings for widely spaced planes, as expressed by the cleavage energy and critical stress. The critical stresses are approaching that of pure diamond, which has values ranging from 90 GPa ͑Ref. 14͒ to 95 GPa ͑Ref. 15͒ for ͓111͔ tension. The main difference is found for closely spaced planes, for which the B-C bonding is considerably weaker than the C-C bonding. Nevertheless, the respective cleavage energy and critical stress are still rather large.
In a next step, for BC 5 we estimated the relation between brittleness or ductility and also the shear strength. Our modeling is based on the ␥-surface concept as introduced by Vitek. 5, 6 This model links shear energies and stresses to dislocation emission and mobility at the atomistic level. For the actual DFT calculations the supercell was split into two halves, whereby the upper half was shifted by the slip displacement f in a given direction. For calculating the DFT energy for each chosen f the atomic structure is relaxed with respect to the layer distances perpendicular to the slip plane. The shear stress is then numerically derived from the first derivative of the total energy. Then, the critical shear stress is defined by the stress associated with the point of inflexion of the total energy curve ͑i.e., the maximum of the first derivative͒, similar to the critical cleavage stress.
In the diamond lattice the main slip directions are slips of the ͗101͘ and ͗121͘ type in the ͑111͒ plane. For the calculation, the widely spaced planes were chosen because of their weaker bonding. For BC 5 , a slip may occur between B-C and C-C bonded planes. Figure 2 shows the calculated stacking fault energies ␥ and shear stresses for ͗101͘ slips, which represent the primary slip system in diamond lattices. The values of the critical shear stresses are 83 and 108 GPa for B-C and C-C planes, respectively. The difference is significant compared to the rather small difference of cleavage stresses ͑see lines 1 and 2 of Table I͒. The bonds between C-C planes are obviously more resistant to angular distortions, in analogy to diamond, for which its resistance is being attributed to the strong sp 3 hybridized covalent bonds making the distortion perpendicular to the ͓111͔ direction rather costly in energy. 16 For BC 5 , it is rather remarkable that the minimum stresses for both the shearing and the cleavage process are equal, namely, 83 GPa. This suggests the conclusion that Vickers hardness ͑at least for the ideal perfect crystal as modeled by us͒ is of the same value. Figure 3 shows the calculated stacking fault energies and shear stresses for ͗121͘ slips. For both the B-C and C-C slips, there is a local minimum at f / b =1/ 2. Consequently, the position of the maximum of ␥ is not dictated by symmetry and lines at f / b Ϸ 0.34. Again, one observes that B-C bonded planes are less resistant against slip displacements than C-C bonded planes. The values of the critical shear stress are 83 and 110 GPa for B-C and C-C planes, respectively, very similar to the values as found for ͗101͘ slips, despite their distinctly different profile of ␥. It is noticeable that the relative differences between the critical stresses cor- respond very well to the difference in Vickers hardness between BC 5 and diamond. The reported values are 71 GPa ͑Ref. 2͒ and Ϸ90 GPa, 1 respectively. The maximum of ␥, the so-called unstable stacking fault energy ␥ us , is the key quantity for estimating ductility versus brittleness, according to recent models. 17, 18 In these models ductility or brittleness depends on a competition between cleavage and dislocation emission at the crack tip, and the material is expected to be brittle if the relation ␥ us / b Ͼ 0.014 is valid. 18 The modulus is the isotropic shear modulus, whereas b denotes the Burger's vector of the emitted dislocation. In the case of BC 5 , we derived the lowest value for the unstable stacking fault energy to be ␥ us = 6.24 J / m 2 . Using the values of = 457 GPa and b = 2.55 Å, as derived from the DFT calculation, a corresponding ratio of 0.05 is obtained, indicating that brittle cleavage fracture is strongly favored against dislocation emission or ductile behavior.
Summarizing, the results of our DFT simulation demonstrate that the mechanical properties of BC 5 are similar to those of pure diamond. The calculated bulk modulus of 337 GPa agrees very well with the experimental value, which confirms that the calculated structure is the experimentally claimed one. The energy needed for cleaving BC 5 is very similar to that of diamond due to the strong cohesion of B-C planes. However, B-C bonds are less resistant to large angular distortions, which are expressed by the differences of the calculated critical shear stresses of 83 and 108 GPa for B-C and C-C planes, respectively. Vickers hardness is estimated to be 83 GPa, which corresponds to the smallest critical stress for the shearing as well as for the cleavage process. In both cases, B-C interlayer bonds are affected. Making use of the generalized stacking fault energy for estimating ductile versus brittle behavior, we derive that BC 5 is intrinsically brittle. 
